SUMMARY Reflex activity in biceps and triceps muscles evoked by applied torque perturbations was studied in patients with Parkinson's disease. The perturbations consisted of single pulses or of pseudorandom sequences of pulses of torque. The patients were treated with levodopa and some exhibited marked fluctuations in their clinical disabilities ("on-off" effect). The study was undertaken to see if reflex activity changed in parallel with the fluctuations of their clinical symptoms. It was found that the reflex activity in these patients could be classified into two types, a Type I response differing little from normal and a Type II response exhibiting marked high-frequency (8-14 Hz) oscillations in EMG activity. Both Type I and Type II responses were virtually the same in the "on" as in the "off" state.
state.
The extent to which stretch reflexes of patients with Parkinson's disease are abnormal and the extent to which such abnormalities are correlated with (or responsible for) clinical signs such as rigidity and tremor have been the subjects of many investigations. [1] [2] [3] [4] [5] [6] Although some of the evidence is conflicting, the results from several recent studiesl 2 5 7 8 suggest that abnormalities in the stretch reflex exist in Parkinson's disease and that they are correlated with the degree of rigidity. For example, Lee and Tatton5 8 found that the amplitude of reflex EMG activity 60-100 ms after a rapid stretch of wrist muscles was much larger than normal in rigid patients. They also found that their patients, unlike normal subjects, were unable to reduce this component of the activity (M2-M3 response) when they were instructed not to oppose the torque. Parkinsonian patients with no appreciable amount of rigidity showed "no significant accentuation of the EMG response." Angel and Lewitt2 examined the response elicited by the release of an external load in a patient with an asymmetrical extent of rigidity; they found that the silent period in the unloaded muscle was much shorter and the activity following it larger in the more rigid limb. Andrews, Burke and Lance' 7 also have described changes in the dynamic and static components of the stretch reflex which were correlated with the degree of rigidity exhibited by Parkinsonian patients.
One question which arises is whether such changes in the stretch reflex are responsible for producing the increased muscle tone of Parkinsonian rigidity. Increased muscle tone could result from increased y-static and y-dynamic biases upon muscle spindles. In addition, such biasing actions would also affect the gain and the dynamics of the stretch reflex. It has also been postulated that segmental reflex mechanisms are normal, but that rigidity and abnormal stretch reflexes result from enhanced long loop reflexes.5 9 Alternatively, rigidity and an increase in stretch reflex amplitude could simply result from an increase in alpha motoneurone excitability (owing to an increased central drive to the motoneurones) with no change in gain for other components of the reflex loop. [10] [11] [12] In an attempt to explore these various alternatives and to see if changes in stretch reflex could be correlated with the extent of rigidity in the same patient, we have examined the stretch reflex response in a group of Parkinson's disease patients on chronic levodopa therapy. These patients exhibited a prominent "on-off" effect,13-'6 and as is typical of such patients, fluctuated repeatedly during the day between periods of good mobility ("on" period) and periods with prominent re-emergence of their symptoms ("off" period). We were thus able to determine the extent, if any, to which the reflex response to muscle stretch differed in the same subject on the same day in the two states. Single pulses of torque and con-315 tinuous pseudo-random torque perturbations were applied at the elbow to produce changes in angular position of the forearm. Cross-correlation methods'0 were used to compute stretch reflex responses in the "on" and "off" states.
Methods
The table describes the clinical symptoms exhibited by the patients who participated in this study. All had been on levodopa/carbidopa therapy for periods ranging from three to 10 years. The extent of rigidity, tremor and bradykinesia are indicated for each patient, classified from absent or negligible (-) to severe (***). Three of the patients (1-3) showed little or no "on off" effect; for the others a clinical evaluation is given for both states.
The experimental arrangements and protocol have been described elsewhere.'0 17 Briefly, the subject's forearm was strapped to a rigid mould attached to the shaft of a torque motor, the elbow being aligned with the shaft. Biceps and triceps EMG activity was recorded by means of surface electrodes and, after amplification, was full-wave rectified. Angular position and acceleration of the forearm were measured by a potentiometer and accelerometer. Figure 3B shows that the distribution of the power of the biceps and triceps EMG activity and of the The principal feature which distinguishes the results shown in fig 5 from those in fig 4 is the presence in subject 8 of a sustained oscillation in EMG activity of both biceps and triceps, persisting for up to 300 ms following the torque pulse. The frequency of these oscillations ranged from 8 to 14 Hz in the three subjects in which they were found, being 12 Hz for subject 8 . In contrast, no such high frequency oscillations were found in the responses of the remaining six subjects (see fig 4) and the power of their EMG activities was greatest below 7 Hz as in normal subjects. The results for subjects 1-6 of table 1 were similar and will be referred to as Type I (fig 4) , while those for subjects [7] [8] [9] will be characterised as Type II (fig 5) . The latter group of subjects exhibited the most marked "on-off" effects and a moderate degree of rigidity in the "off" state. Rigidity in the Type I patients ranged from negligible to mild. The type of response was less-well correlated with the intensity of Parkinsonian tremor at rest; two of the Type I patients had moderate tremor, as did two of the three Type II patients. Although the Type II response was exhibited only by patients having a moderate amount of rigidity, the response of biceps and triceps to a torque pulse oscillated to the same extent in the "on" state (when rigidity was clinically absent or markedly reduced) as in the "off" state ( fig 5) .
The Type I response to applied perturbations did not differ greatly from the response of normal subjects. In particular, the maximum amplitude of rectified EMG activity following the torque pulse averaged 2-5 tV/N-m among the six subjects in the "on" state (ranging from 0-7 to 5 0 IV/N-m). The corresponding value for normal subjects ( fig 3) was 2-7 uV/N-m. Also, EMG activity began to deviate from the background level 20 ms after the onset of the pulse, as in normal subjects. Peak EMG response was attained 50 ms after the pulse in the patients and at 40 to 45 ms in normal subjects. The amplitude of the minimum of the EMG activity (175 ms after the pulse for the data shown in fig 4) averaged 300% of the maximum for patients and 35% in normal subjects. The responses in the "off" state did not differ greatly from those obtained in the "on" state in the three Type I patients which showed "on-off" 
effects. The latency was slightly longer (24 ms) as was the time to peak EMG (60 ms). The amplitude of the EMG activity was larger in one subject, smaller in the second and the same in the third. The values reported in the foregoing were derived from experiments in which the subjects were instructed to resist the applied perturbations. When they were instructed not to resist, all Type I patients were able to reduce the amplitude of their reflex response by 70% on average.
We have previously shown"7 that in normal subjects the EMG response to pseudo-random perturbations is related to the angular velocity and acceleration. Specifically, the following model is able to represent data with a least-squares error typically of 350%:
E MG(t) = AO(t -Tp) + BG(t -Tv) + CO(t -Ta)
The data obtained from Type I patients with Parkinson's disease were also fitted by the model, the average least squares error being 42 %. The average values for the coefficients of the velocity and acceleration feedback terms for these patients were 16 juV/rad-sec-1 for B, and 0 24 /V/rad-sec-2 for C. These values did not differ from the values obtained for normal subjects, nor did they differ in the "on" or "off" states. The average value of the velocity time delay (Tv) was 27 ms, no different from normal. In contrast, the value of the time delay Ta was larger (p<0001) in patients (60 ms) than in normal subjects (46 ms). Since the contribution of the position feedback was small for both normal subjects and this group of patients, a reliable comparison of this parameter could not be made.
We also tested the reflex response of these patients to single 50 ms pulses of torque. In most instances, there was good correspondence between the results of the two methods in that the response to single pulses also did not differ from the norm. In other cases, the response to single pulses appeared atypical, either in terms of its amplitude (up to 300 ,V versus 75 ,tV for normal subjects) or in terms of time to peak (90 to I 1O ms versus 65 ms). Furthermore, there was sometimes a second large burst of activity about 200 ms after pulse onset. However, we found the response to single pulses of torque to be very variable, flexion pulses sometimes eliciting an atypical response and extension pulses one which appeared normal, or vice versa, and have therefore chosen to emphasise results obtained with pseudo-random perturbations.
In summary, the only significant difference between the EMG response of Type I patients to the latter perturbations and that of normal subjects was the longer time delay of the acceleration feedback and the correspondingly later time at which EMG activity reached its maximum. In contrast the Type II responses differed from what we have observed in normal subjects, the principal difference lying in the large oscillations of EMG activity following the pulse. The latency of the onset of change in EMG activity was 20 ms and the time at which the activity reached a maximum was 50 ms, similar to values found for Type I patients. The peak amplitude of the response in the "on" state for Type II patients (2-7 uV/N-m) was not different from normal, but on average it was approximately 40% less when the subjects were in the "off" state and more rigid (decreasing in two of the three subjects). The ratio of the magnitude of the first minimum to the maximum in these patients ranged from 0 6 to 1-7, with an average value of 10 both in the "on" and the "off" state. Thus also in this group of patients we were unable to detect any major differences between the reflex responses obtained during the "on" and the "off" states. The time course of the response did not change and its amplitude tended to change in the direction opposite to what might have been expected, being on average smaller when the subjects were more rigid. Furthermore, for the first 75 ms after the pulse, the reflex response does not differ from those obtained in normal subjects. Figure 6A shows the response to single pulses of torque tending to extend the forearm in one Type II subject (subject 7 during the "off" period). The results obtained from the same subject using pseudorandom perturbations are shown in fig 6B. In two of the three subjects there were also oscillations in biceps and triceps activity following single torque pulses. The amplitude of their reflex response so obtained tended to be larger than average (250 ,uV and 190 1W), but we could not find any consistent differences in morphology or amplitude of the reflex response between the two states using single pulses of torque. Finally, the maximum amplitude of reflex activity of the Type II patients in the "off" state decreased by an average of 80% when they were instructed not to resist the ps^ludo-random perturbations.
Some observations were made regarding the source of oscillations in the Type 11 response. The angular acceleration traces in fig 5 also exhibit oscillatory behaviour, but the high frequency peaks in the power distribution for EMG activity and acceleration do not coincide. ( The frequency of oscillations of the angular acceleration depends on the stiffness and moment of inertia of the forearm as well as on the forces generated by active contraction of the muscles.) The discrepancy between the power spectra of the EMG activities and the acceleration indicates that the oscillations in the motor output are not prominently sustained by afferent feedback from proprio- ceptors. Not surprisingly, the model did not provide a good fit to the data obtained from Type IL patients, the least-squared error on the average being 72 %. show the average response to a torque pulse tending to extend the forearm (subject 9 in the "on" state). The darker traces are data obtained after the moment of inertia of the forearm-lever system was increased; as a consequence, velocity and acceleration reached their extreme values at later times following the pulse. However, the frequency of the oscillations was unaffected (see especially the triceps traces), in by procaine injection. They also found that rigidity could be relieved without affecting the occurrence of action tremor, in agreement with our finding that the oscillations were equally present in the "on" state, when the patients were not rigid, and in the "off" state, when they were. 
